ABSTRACT: Stem cells undergo extensive self-renewal and have the capacity to differentiate along multiple cell lineages. Progression from stem cells into differentiated progeny requires long-lasting changes in gene expression. Epigenetic mechanisms, including DNA methylation, histone modifications, and non-coding RNA-mediated regulatory events, are essential to controlling the heritable cellular memory of gene expression during development. Recent studies on cell fate specification of embryonic and adult stem cells/progenitors have highlighted a general and critical role for dynamic epigenetic regulation in stem cell self-renewal and differentiation. S tem cells are characterized by at least two essential properties: extensive self-renewal and the ability to differentiate into different cell-type specific progenies. Embryonic stem cells (ESCs) and primordial germ cells are pluripotent stem cells, both of which can give rise to essentially all cell types within a bioorganism. Tissue-specific stem/progenitor cells persist in many, if not all, tissues throughout life. These stem/progenitor cells are usually multipotent or unipotent, and can differentiate into lineage-restricted progenies. Intrinsic properties of stem cells as well as extrinsic cues provided by the niche (microenvironment where stem cells reside in vivo) are important for stem cell selfrenewal and differentiation. Progression from stem cell to differentiated progeny is almost always accompanied by remarkable changes in cellular morphology and function. To a large extent, these changes are determined at each stage by distinctive gene expression patterns. Specifically, genes associated with self-renewal are silenced, while cell type-specific genes undergo transcriptional activation during differentiation. Emerging evidence suggests that the initiation and maintenance of changes in gene expression that are associated with stem cell differentiation involve the action of a unique epigenetic program including covalent DNA and chromatin modifications as well as small noncoding RNA-mediated pre-and posttranscriptional gene regulations.
S tem cells are characterized by at least two essential properties: extensive self-renewal and the ability to differentiate into different cell-type specific progenies. Embryonic stem cells (ESCs) and primordial germ cells are pluripotent stem cells, both of which can give rise to essentially all cell types within a bioorganism. Tissue-specific stem/progenitor cells persist in many, if not all, tissues throughout life. These stem/progenitor cells are usually multipotent or unipotent, and can differentiate into lineage-restricted progenies. Intrinsic properties of stem cells as well as extrinsic cues provided by the niche (microenvironment where stem cells reside in vivo) are important for stem cell selfrenewal and differentiation. Progression from stem cell to differentiated progeny is almost always accompanied by remarkable changes in cellular morphology and function. To a large extent, these changes are determined at each stage by distinctive gene expression patterns. Specifically, genes associated with self-renewal are silenced, while cell type-specific genes undergo transcriptional activation during differentiation. Emerging evidence suggests that the initiation and maintenance of changes in gene expression that are associated with stem cell differentiation involve the action of a unique epigenetic program including covalent DNA and chromatin modifications as well as small noncoding RNA-mediated pre-and posttranscriptional gene regulations.
MAJOR EPIGENETIC MECHANISMS
Epigenetic mechanisms refer to biologic processes that regulate mitotically or meiotically, heritable changes in gene expression without altering the DNA sequence. Major epigenetic mechanisms include DNA cytosine methylation, histone modifications such as acetylation and methylation of histone tails, and small non-coding RNA controlled pre-and posttranscriptional regulation of gene expression.
DNA Methylation. Mammalian DNA can be covalently modified through methylation of the carbon at the 5th position on the pyrimidine ring of the cytosine residue. In mammals, DNA methylation occurs primarily at symmetrical CpG dinucleotides. De novo cytosine methylation, catalyzed by two de novo DNA methyltransferases, Dnmt3a and Dnmt3b, adds methyl-groups onto unmethylated DNA, which is important for the establishment of DNA methylation patterns. Upon cell division, the existing methylation patterns need to be maintained by perhaps a more efficient DNA methyltransferase, the maintenance methyltransferase Dnmt1, which prefers hemimethylated substrates (Fig. 1) . DNA methylation is primarily involved in establishing parental-specific imprinting during gametogenesis as well as silencing of retrotransposons and genes on the inactivated X-chromosome (1, 2) .
Histone modifications. Post-translational modifications of histones, including acetylation and methylation of conserved lysine residues on the amino terminal tail, are also dynamically regulated by chromatin modifying enzymes with opposing activities. The idea of two opposing activities, leading to two opposing states on the chromatin underlies the "histone code" hypothesis (3). Generally, lysine acetylation mediated by histone acetyltransferases (HATs) marks transcriptionally competent regions. In contrast, histone deacetylases (HDACs) catalyze lysine deacetylation and the resulting hypoacetylated histones are usually associated with transcriptionally inactive chromatin structures. Histone methylation of lysine 4 on histone H3 (H3-K4) is generally present within transcriptionally competent promoter regions. Furthermore, the lysine residues can be mono-, di-, or tri-methylated to provide additional layers of regulation. For instance, the Histone methyltransferase (HMT) Set7/9 is restricted to mono-methylation of H3-K4 (4), whereas the Drosophila trithorax (trx) and its mammalian homolog, mixed lineage leukemia (MLL) encodes a tri-methylase that is specific for H3-K4 (5). A recently discovered demethylase, LSD1 (also known as BHC110), has been shown to remove a methyl group from di-or monomethylated H3-K4 (6), which further demonstrates the dynamic nature of this epigenetic regulation. Methylation of either lysine 9 or lysine 27 on histone H3 (H3-K9 or H3-K27) is a hallmark of silent chromatin regions and is predominantly associated with heterochromatic regions and/or inactive promoters. H3-K9 HMTs, G9a and Suv39h, are localized to euchromatic and heterochromatic regions respectively (7) (8) (9) . Suv39h can only methylate H3-K9 when H3 tail is unmethylated at K4, whereas G9a can methylate H3-K9 regardless of the methylation status of H3-K4 (10) . In addition, evolutionarily conserved multiprotein complexes, including polycomb repressive complex 2 (PRC2), are found to contain both HDAC and HMT activities, which link hypoacetylation and H3-K9/K27 methylation (11) . Collectively, the existence of opposing chromatin modifying enzymes and cross-talk between different epigenetic systems demonstrate the inherent complexity in the dynamic gene regulation by epigenetic modifications (Fig. 2) .
Pre-and post-transcriptional gene regulation by small non-coding RNAs. Non-coding regulatory RNA mediated regulation of gene expression is a newly emerging epigenetic mechanism. A group of these small RNAs, distinct from, but related to, siRNA (small interference RNA), are called microRNAs (miRNAs). MiRNAs are transcribed as parts of longer RNA molecules by RNA polymerase II, and then processed in the nucleus into hairpin RNAs of 70 -100nts by the double stranded (ds) RNA specific ribonuclease, Drosha. The hairpin RNAs are transported to the cytoplasm via exportin-5 dependent mechanisms where they are digested by a second, dsRNA-specific ribonuclease called Dicer. The resulting 19 -23 mer miRNA is bound by a complex that is similar to the RNA-Induced Silencing Complex (RISC) that participates in the siRNA pathway. In animals, the complex-bound, single-stranded miRNA binds to specific mRNAs through sequences that are significantly, although not completely, complementary to the mRNA. Via a mechanism that is still not fully characterized, but which does not involve mRNA degradation, the bound mRNA does not get translated, resulting in reduced expression of the corresponding gene (12, 13) . Recently, endogenous, small non-coding RNAs have been shown not only to regulate the stability and translation of mRNAs but also to induce the formation of inactive chromatin structures of targeted genomic sequences (14, 15) (Fig. 3) .
DNA METHYLATION AND HISTONE MODIFICATION IN STEM CELL SELF-RENEWAL AND DIFFERENTIATION
In both the undifferentiated stem cell and their differentiated progeny, the epigenetic state is considered to be relatively stable due to its heritable nature and positive reinforcement between the multiple epigenetic mechanisms. Importantly, stable repression of genes related to terminal differentiation is absolutely required for maintenance of the stem cell pool. However, recent advances have suggested that stable and heritable epigenetic marks are reversible and dynamically regulated by opposing chromatin modifying activities, which are stimulated by extracellular differentiation-inducing cues during stem cell differentiation.
Global epigenetic reprogramming during early embryogenesis. In differentiated cells DNA methylation patterns are thought to be stable and heritable. Such a DNA methylation pattern is established gradually during several critical stages in early embryogenesis. Upon fertilization, the paternal genome is actively demethylated before the first round of cell division takes place. However, the identity of the DNA demethylase(s) underlying this active demethylation process remains elusive. After the zygote starts to divide, the passive demethylation of both paternal and maternal genomes occurs because maintenance DNA methyltransferase Dnmt1 is excluded from the nucleus (16) . In the developing pre-implantation embryos de novo DNA methyltransferases begin to re-establish DNA methylation patterns during implantation and subsequent germ layer and cell type differentiation (17) . This epigenetic reprogramming process ensures the erasure of acquired epigenetic information during gametogenesis. It also resets the epigenome of the pluripotent stem cells in the inner cell mass (ICM) to provide broad developmental potential (16) . Indeed, many cloned embryos fail to develop due to incomplete epige- 
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netic reprogramming (18) . Furthermore, deficiency of Dnmt1 or Dnmt3 in the mouse leads to genome-wide DNA hypomethylation and early embryonic lethality (2) . This suggests that DNA methyltransferase-mediated epigenetic reprogramming is required for normal development of the organism. It has been shown that Dnmt3a is indispensable for establishing parental-specific methylation of imprinting genes during gametogenesis (19, 20) . In addition, mutations in DNMT3B, result in human ICF (immunodeficiency, centromeric instability, facial anomalies) syndrome (17) . However, little is known about how Dnmt3a and Dnmt3b are involved in establishing the epigenetic marks that account for somatic cell lineage differentiation during early embryogenesis.
DNA methylation and histone modifications in ESC self renewal. Mouse or human ESCs can be isolated from the inner cell mass (ICM) of developing blastocysts and cultured in vitro. Differentiation of stem cells is tightly regulated by interactions between extrinsic differentiation signals and intrinsic pathways. Since stem cells have extensive self-renewal capacity, the repression of differentiation genes in undifferentiated stem cells must be stable and heritable during cell division. Pluripotent ESCs contain high levels of epigenetic reprogramming activities, e.g. de novo methyltransferases and histone methyltransferases (HMTs), making ESCs excellent candidates for analysis of epigenetic reprogramming during in vitro lineage-specific differentiation. Surprisingly, both Dnmt1 Ϫ/Ϫ and Dnmt3a
Dnmt3b
Ϫ/Ϫ double mutant mouse ESCs are able to proliferate when maintained as undifferentiated stem cells, indicating selfrenewal capability is preserved in ESCs with hypomethylated genomes. However, these mutant ESCs fail to undergo in vitro differentiation due to either extensive apoptosis upon differentiation as a result of Dnmt1 deficiency or failure to repress pluripotent genes such as Oct4 and Nanog because of deficiency in both Dnmt3a and Dnmt3b (21) . It is likely that while DNA methylation could be critically involved in silencing alternative lineage differentiation genes in tissue-specific stem cells and/or differentiated cells, histone modification-mediated gene inactivation are mainly involved in the maintenance of the self-renewal property and silencing of lineage differentiation genes in ESCs via pluripotency-related transcription factors, such as the Oct4-Nanog-Sox2 complex (22) .
PcG complexes are a class of histone modification enzymes, which are highly conserved throughout evolution (11) . Multiprotein polycomb repressive complex 2 (PRC2), contains both HDAC and HMT activities and is involved in the initiation of gene silencing. PRC1, on the other hand, recognizes the H3-K27 methylation mark established by PRC2 through its conserved chromodomain and is implicated in stable maintenance of PcG complexes-mediated gene silencing effects. Bmi1 encodes a subunit of the PRC1 complex and Bmi1-deficient mice display a defect in postnatal self renewal of both hematopoietic and neural stem cells (23, 24) . Notably, Bmi1 is regulated by the Sonic hedgehog (Shh) signaling pathway in the cerebellum, providing a link between PcG and a signaling pathway that has been shown to be important for proliferation of adult neural stem cells (25, 26) . It is likely that Bmi1-associated PRC1 complexes regulate adult stem cell self-renewal through repression of the Ink4a/ Arf locus in vivo (11) . Epigenetic control mediated through PcG repressor complexes is also subject to dynamic regulation from opposing chromatin modifying activities. Recently, testis specific TAF (TBP-associated factor) associated trithorax (trx) action (tri-methylation of H3-K4) was shown to counteract PcGmediated repression to allow terminal differentiation of Drosophila male germ cell precursors (27) .
DNA methylation and histone modifications in stem cell differentiation along the neural lineage. Dynamic and coordinated epigenetic regulation is best illustrated by the sequential neural lineage differentiation in which neurogenesis always precedes gliogenesis during brain development. As multipotent neural stem/progenitor cells (NPCs) first undergo neuronal differentiation, early neuronal lineage genes are activated, while genes required for alternative glial fates are silenced. When NPCs enter the gliogenic phase, glial lineage genes are de-repressed in response to extrinsic cues and/or changes in intrinsic properties of stem/progenitor cells (Fig. 4) . Many neuronal genes (e.g. Mash1, Bdnf, Calbindin) contain the RE1 site within their promoters and are inhibited by REST (RE1 silencing transcription factor, or NRSF) in stem/progenitor cells and non-neuroectodermal lineages. It remains to be determined how low levels of REST proteins function to silence neuronal lineage genes in undifferentiated neurogenic NPCs. It has been suggested that the repression of neuronal genes in non-neuroectodermal lineage cells is mediated by the REST-associated HDAC/mSin3A/MeCP2 complex, which leads to a hypoacetylated and subsequently H3K9 dior tri-methylated chromatin structure with high levels of DNA methylation (28) . Unlike in non-neural lineage cells, where the promoters of neuronal genes are permanently silenced, the inactive neuronal promoters within stem/progenitor cells are in a poised state. In this state, they are not associated with DNA methylation and histone H3-K9 methylation, and once NPCs are committed to a neuronal fate and undergo terminal differentiation, the expression of REST shuts off and the REST repressor complex is dismissed from the RE1 sites within neuronal gene promoters, resulting in transcription activation. Recently, an inhibitor of BRAF35 (iBRAF) was found to activate REST controlled neuronal genes by recruiting the H3-K4 tri-methylase MLL during neuronal differentiation of P19 cells (29) . Therefore, it is possible that REST may also interact with the CoREST/ LSD1 complex, which has histone H3-K4 demethylation activity capable of repressing neuronal gene promoters in the stem/ progenitor cells before neurogenesis.
Recent development of mouse and human ESC culture technology make it possible to derive nearly homogeneous populations of multipotent tissue-specific stem/progenitor cells from ESCs (30 -32) . This enables researchers to analyze the epigenetic regulations of ESC differentiation using mutant mouse ESCs deficient in various epigenetic machineries. Our recent studies analyzed the association of DNA methyltransferases and DNA methylation patterns within neuronal and glial promoters in wild-type, Dnmt3a Ϫ/Ϫ , and Dnmt3b
mouse ESCs and ESC-derived NPCs. De novo methyltransferases were found to stably associate with and methylate glial, but not early neuronal lineage gene promoters in mouse ESCs as well as during the transition of ESCs to NPCs. As a result, gliogenic genes became hypermethylated and associated with an inactive chromatin structure, while early neurogenic genes remained hypomethylated and poised for transcription before and during the differentiation of ESCs along the neural lineage (Wu and Sun, unpublished observations). The different epigenetic states in early (neuronal) versus late (glial) neural lineage genes may underlie the initial changes occurring at the chromatin level that are required for pluripotent ESC differentiation toward the neural lineage and which dictate that neurogenesis precede gliogenesis (Fig. 5) . Interestingly, although both Dnmt3a and Dnmt3b are highly expressed in mouse and human ESCs, we found Dnmt3a is the predominant de novo DNA methyltransferase in NPCs derived either from ESCs or the developing mouse brain. Loss of Dnmt3a in NPCs specifically results in dysregulation of repressive epigenetic marks, including DNA methylation and histone modifications, on glial promoters, and precocious gliogenesis both in vitro and in vivo (Wu and Sun, unpublished observations). Together, these findings suggest that de novo DNA methyltransferases are indeed involved in establishing somatic, cell-type specific DNA methylation patterns during early embryogenesis. Furthermore, it is likely that preferential targeting of lineage specific genes by the de novo DNA methylation machinery is essential for proper epigenetic reprogramming, which allows for the temporally ordered activation of specific lineage differentiation programs.
Since multipotent NPCs eventually become gliogenic, the repressive epigenetic marks on glial gene promoters must not be causing permanent gene silencing. When multipotent NPCs become gliogenic, an extracellular gliogenic factor, leukemia inhibitory factor (LIF), leads to transcriptional activation and local epigenetic alterations of the proximal promoter of an astroglial gene, Gfap. These epigenetic alterations include DNA demethylation as well as concomitant chromatin remodeling consisting of a decrease in di-methylation of H3-K9 and an increase in histone acetylation. This promoter-specific epigenetic reprogramming is mediated by dissociation of the Dnmt3a with the histone modification enzyme complex and recruitment of the STAT3/ CBP transcription activator complex that contains HAT activity upon LIF stimulation (Fig. 5) . It was previously reported that cytosine methylation of the CpG site within the STAT1/3 binding site of the Gfap promoter inhibited STAT1/3 association and therefore inhibited glial differentiation (33) . However, many of the astroglial differentiation-related genes including S100␤ and genes in the JAK-STAT pathway, do not have STAT1/3 binding elements containing embedded CpG sites (34, 35) . Therefore, direct inhibition of STAT1/3 binding via methylation of the STAT binding cis-element is not a major mechanism mediating DNA methylation-related silencing of the astroglial differentiation program.
REGULATION OF STEM/PROGENITOR CELL DIFFERENTIATION BY NON-CODING RNAS
Non-coding regulatory RNA mediated epigenetic regulation of gene expression is emerging as a new focus in stem cell biology. Endogenous small regulatory RNAs can either regulate the expression of complementary mRNAs or induce formation of inactive chromatin structures of targeted genes. Expression profiling identified a subset of miRNAs that are specifically expressed in pluripotent mouse and human ESCs, suggesting a role for miRNAs to maintain undifferentiated states of stem cells (36, 37) . Confirmation of the direct involvement of a microRNA pathway in regulation of stem cell division came from the analysis of germline stem cell (GSC) division in a Drosophila mutant for dicer-1, the RNase III essential for microRNA biogenesis (38) . In mammalian cells, two c-Myc regulated microRNAs miR-17-5p and miR-20a were shown to regulate E2F1 expression, suggesting a role in regulation of cell proliferation (39) .
Many microRNAs are expressed in a highly tissue-specific manner at different developmental stages (40) . Recent advances suggest that tissue-specific microRNAs play a critical role in regulating cell-type specific fate choice and animal development. For example, a Notch signaling activated microRNA miR-61 regulates fate choices of vulval precursor cells in C. elegans. In mammals, overexpression of miR-181 in bone-marrow hematopoietic progenitor cells specifically increases the number of B cells (41) . More recently, miR-1 was found to be specifically expressed in cardiac and skeletal muscle precursor cells. It was found that the transcription factor Hand2 is a direct target of miR-1 mediated translational repression and that excess miR-1 leads to a decreased pool of proliferating ventricular cardiomyocytes (42) . In addition to translational inhibition, developmentally regulated microRNA can also repress their targets through mRNA cleavage. The miR-196 microRNA sequences show perfect complementation to sites in the 3= UTRs of the HOXB8 gene (43) . It was recently reported that miR-196 mediated repression of HOXB8 plays a role in limb development (44) .
24R WU AND SUN
The abundance of microRNAs in the postnatal brain suggests an important role for them in neuronal function. Recently, a CREB-induced microRNA miR-132 was shown to regulate neuronal morphogenesis in cultured cortical neurons (45) . Surprisingly, a mutation in the 3=UTR of SLITRK1, a gene involved in neurite outgrowth and implicated in Tourette's syndrome, perturbs the natural interaction between miR-189 and the 3=UTR sequences. These data suggest a role that misregulation of miR189 may be involved in this debilitating developmental neuropsychiatric disorder (46) .
CONCLUSION
The epigenetic basis of stem cell differentiation arises from the need to maintain gene expression patterns in both stem/ progenitor cells and their differentiated progenies. As a stem cell differentiates, genes associated with self-renewal are down-regulated, while lineage-specific genes are activated. It then follows that the inherited epigenetic marks deposited on those genes must be reversible. Chromatin modifying enzymes with opposing activities play a key role in the dynamic regulation of epigenetic marks. Defining the signaling pathways of these enzymes induced by differentiation-inducing cues is critical to understanding the mechanisms underlying stem cell differentiation. Furthermore, non-coding RNAs, especially microRNAs, provide additional layers for regulation of gene expression during cell fate specification. These multiple layers of regulation allow for rapid transition of proliferating stem cells into their differentiated progenies.
